and another recipient of the (2006) Nobel Prize in Chemistry, Roger Kornberg (ForMemRS 2009) (Kornberg 2018) :
His love of science, love of people, and love of life only begin to describe the totality of the amazing man. I am reminded of the lines from Shakespeare:
'His life was gentle, and the elements so mixed in him that Nature might stand up and say to all the world, "This was a man".'
He encouraged me, promoted my fortunes, and was from the first moments the truest of friends. I have never known anyone so warm and genuine in this way.
As a personal friend since I first got to know him in 1977, I echo the sentiments expressed by Roger Kornberg. I co-authored with Zewail one of his 16 books and two of his 700 or so research papers. I also participated in a Welch Foundation symposium organized by him in 2007 on 'Physical Biology: From Atoms to Medicine' (16)*, which in turn prompted us to write our monograph 4D electron microscopy: imaging in space and time (17) .
As Malcolm Longair has described elsewhere (Longair 2018) , it was Zewail's Scott Lecture at the Cavendish Laboratory in Cambridge in 2005, entitled 'The Physics of Life', which convinced the department that there were enormous opportunities for original physics research in the 'physics of medicine'. Zewail's lectures were described by Longair as a tour-de-force that 'convinced even the most hard-minded sceptical physicist of the great opportunities for innovative physics in the general area of physics of medicine . . . the imaginative applications in the biomedical areas, which Ahmed had made his own, were a revelation'. Zewail's unreserved support was a key element in persuading the Wolfson Foundation and the University of Cambridge of the societal importance of this initiative and there is now a flourishing Physics of Medicine Building and research programme as part of the Cavendish Laboratory.
Early life
Ahmed Zewail was born in Damanhur, the 'City of Horus', some 60 km from Alexandria in Egypt, but he spent his childhood on the Rosetta branch of the Nile Delta in the city of Disuq, the home of the famous mosque, Sidi Ibrahim. His father, Hassan, was a civil servant. His mother, Rawhia, to whom he was close throughout his life, allowed him and his three sisters to roam freely in the Nilotic countryside. He attended the University of Alexandria, from where he graduated with a Bachelor of Science with the highest honours. Even as a high school student he was intrigued by the mathematics of chemistry. In his Nobel Prize write-up (13) he states: [Chemistry] provides laboratory phenomena which, as a boy, I wanted to reproduce and understand. In my bedroom I constructed a small apparatus out of my mother's oil burner (for making Arabic coffee) and a few glass tubes, in order to see how wood is transformed into a burning gas and a liquid substance.
Upon graduation from Alexandria with his Bachelor's degree, Zewail was appointed to a university position as a demonstrator to carry on research towards a Master's degree and to * Numbers in this form refer to the bibliography at the end of the text. teach undergraduates. He completed his Master's degree in 18 months, working mainly on spectral changes of various molecules in different solvents. His professors, Rafaat Issa and Samir El Ezaby, suggested to him that he should pursue work for his PhD in the United States. This was difficult to arrange, partly because at that time (1967) American stocks in Egypt were very low; most Egyptian students migrated to the USSR or Eastern Europe for their PhDs. However, he gained a scholarship from the University of Pennsylvania that provided tuition and a monthly stipend of $300.
University of Pennsylvania and Berkeley, California
Zewail's research supervisor at the University of Pennsylvania, Philadelphia, was Professor Robin Hochstrasser, an impressive and versatile physical chemist (who had graduated at Heriot-Watt University). Hochstrasser had worked as a staff member at the University of British Columbia before going to 'Penn', where he was a leading light in the Laboratory for Research on the Structure of Matter (LRSM). Zewail was greatly influenced by him as a supervisor, and also by many of those who presented graduate lecture courses there, especially J. R. Schrieffer, who gave excellent lectures on quantum mechanics. In his time with Hochstrasser, Zewail published 10 worthy papers on topics such as the Stark effect of simple molecules, the Zeeman effect in solids such as the nitrite ion and benzene, the optical detection of magnetic resonance (ODMR), and double resonance techniques.
In early 1974, Zewail began his postdoctoral work in the College of Chemistry, University of California at Berkeley, in the group of Charles B. Harris. This was a significant turning point in his career, for it was while working with Harris that the importance of the concept of coherence occurred to him. He and Harris published several papers on coherence in electronically excited dimers (1-4).
Charles Harris greatly influenced Zewail's early career. They jointly wrote theoretical and experimental papers, and Harris identified him as being worthy of a prestigious IBM Fellowship, which was a stepping stone to an academic post in a premier university. In due course, Zewail was offered assistant professorships at Harvard, Caltech, Chicago, Rice and Northwestern universities.
At that time Harry Gray (ForMemRS 2000) was chair of the Division of Chemistry and Chemical Engineering Staffing Committee at the California Institute of Technology. Gray (2018) recalls: 'I was impressed with the graduate work he had done at Penn with Robin Hochstrasser as well as his postdoc research with Charles Harris . . . I invited Ahmed to Caltech for an interview. His talk was terrific, maybe a little too good, as some of the more conservative faculty members were not convinced he was for real . . . We made him an offer. Ahmed accepted and he moved to Caltech in 1976. . . . Within a few months Ahmed was running a talented and dedicated research group, designing and constructing instruments for investigations of the earliest events in chemical reactions' (figure 1).
Assistant professor at the California Institute of Technology
Detailed accounts have been published that describe Zewail's achievements and path to fame (Thomas 2016a,b; El-Sayed 2017) . The most comprehensive of these occurs in the write-up of his Nobel lecture (13). This is one of the longest-ever Nobel Prize publications; it runs to 100 pages, has three dozen illustrations, and numerous explanatory diagrams and concepts, and is altogether a pedagogic treat, full of historical and contemporary perspectives. In it, Zewail dwells lucidly on the subject he calls 'The Uncertainty Principle Paradox'. Prior to Zewail's work, all chemists and physicists interested in topics related to fast reactions were resigned to the idea that, upon reaching the era of picosecond spectroscopy, the Heisenberg Uncertainty Principle would prevent any further progress towards recording the motion of atoms involved in the transition states of reactions. My predecessor at the Royal Institution (RI), Lord George Porter (PRS 1986 (PRS -1991 , often used to make this point at the Friday morning seminars that were held regularly in the RI from the time I started working there in 1986.
Anyone who is confused about this problem should consult the lucid one-page article that Zewail published in Nature in 2001 entitled 'The fog that was not' (14), which the Harvard chemist and Nobel Prize winner in chemistry, D. R. Herschbach, has described as 'lyrical' (Herschbach 2018) .
Zewail's Les Prix Nobel write-up (13) reveals the progress in his thoughts that enabled him to address the structural details and dynamics of transition states in chemical reactions. In a revealing statement (p. 129) he discloses that 'we should directly probe the optical coherence, i.e., the coherence between the excited electronic state and ground state, not that between two spin states of the same excited state'. To amplify this intention, Zewail published an important paper in Accounts of Chemical Research on 'Optical molecular dephasing . . . by coherent laser spectroscopy' (5). This caught the eye of many eminent scientists.
In the next five years or so, Zewail had productive discussions with several eminent scientists-John Polanyi FRS, who was a Fairchild Scholar at Caltech in 1982, and even earlier with Dudley Herschbach, who visited him in 1976 and was impressed by his teeming brain. Zewail also acquired exceptionally able postdoctoral associates, such as Warren S. Warren, but, as Zewail himself later recalled in his Nobel lecture (13), two programme directors from the US Air Force Office of Scientific Research attended Zewail's talk at a symposium organized in Rochester, New York, in October 1985 which led to a substantial grant to Zewail, thanks to these directors (Davis and Burgraff) and generous grants from within Caltech engineered by Fred Anson (chairman) and Murph Goldberger (president of Caltech). By August 1986, Zewail was equipped in his laboratory (designated Femtoland) with the finest available ultrafast (femtosecond) lasers, which had been initiated by Shank and colleagues at Bell Laboratories (Fork et al. 1981) . By that time, R. B. Bernstein (of UCLA), an authority on stereochemical aspects of chemical dynamics, had become 'a devoted apostle' of Ahmed Zewail (Herschbach 2018) . These two pioneers published a fine overview of the evolution and prospects of femtochemistry in 1988 (9) , which concluded with the prophetic note: 'This happy marriage of ultrafast lasers and chemistry promises an exciting future for the field of real-time molecular reaction dynamics.'
Zewail's contributions to ultrafast spectroscopy, ultrafast electron diffraction and ultrafast 4D electron microscopy Several of the books that Zewail published in the period 2008 to 2014 (16, 17, 19) , as well as many of the tributes accorded to him after his passing, have given cogent accounts of the enormous contributions that he made to chemistry, physics, condensed matter science and various aspects of biology, medicine and engineering. These have chronicled his unique impact as an experimental scientist. In this section many excerpts of his extraordinary Nobel Prize publication (13), as well as some reflections by those who were influenced by him, are summarized.
Professor Dudley Herschbach of Harvard has described how, in November 1992, Ahmed visited Cambridge, Massachusetts, to deliver a joint Harvard-MIT physical chemistry seminar (Herschbach 2018) : 'As well as giving a scintillating talk on femtochemistry, he romped through visits with faculty, students and postdocs.' Throughout his two-day visit 'Ahmed was delightfully vivacious, both in describing his work and asking many searching questions'. In May 2001, Zewail gave the Kistiakowsky Lecture at Harvard and, according to Herschbach (2018) , it was a 'wonderfest'. 'He described advances and prospects for femtobiology involving electron transfer in DNA and proteins, ultrafast electron diffraction and laserinduced control of reaction pathways.' His lecture addressed why the Heisenberg Uncertainty Principle was not an obstacle to obtaining femtosecond resolution-contrary to the views expressed by earlier experts (see previous section)-to which I shall return in detail below. It also contained slides that illustrated the classic stop-motion photography of a trotting horse first carried out by Eadweard Muybridge (1830-1904) (figure 2). The slides in figure 2 were used in an admirable, pedagogically illuminating review article written for high school teachers by Zewail and his colleague, Spencer Baskin, which has a lucid account of laser stroboscopy and how it succeeds in freezing atoms in motion (15). Of these two topics described in Zewail's Kistiakowsky lecture, we shall deal below with Zewail's detailed explanation (given as an appendix to his Nobel lecture of 1999) of how his reliance on femtochemistry and coherence circumvents perceived obstacles (owing to Heisenberg's Uncertainty Principle) in tracking atoms in motion. First, we deal with pump-probe femtoscopy. 
Pump-probe femtoscopy
In high-speed photography, a continuous motion is broken up into frames (freezing) using a brief exposure time. Thus, in Muybridge's work, the shutter speed (exposure time) was ca 2 ms (millisec) and the speed of the motion was ca 10 ms −1 (metres per sec), resulting in a well-defined resolution (speed × exposure time) of 2 cm; the number of frames per second was about 20 since the cameras were 0.5 m apart. With molecular experiments there is a vast difference in speed (now ca 1 km/s), the resolution needs to be ca 10 −8 cm and the number (millions) of molecules involved. Given the molecular speed and resolution, the ultrashort strobes must provide exposure time of the order of 100 fs (femtoseconds), and in 1 s 10 13 frames could be recorded! Ultrafast pulsed laser techniques have made direct exploration of this temporal realm a reality. Such spectroscopy (as well as ultrafast electron diffraction) plays the role of ultra high-speed photography in the investigation of molecular processes.
A femtosecond laser pulse provides the shutter speed for freezing nuclear motion with the necessary spatial resolution. The pulse probes the motion by stroboscopy, i.e. by pulsed illumination of the molecule in motion, and recording the particular snapshot. A full sequence of the motion is achieved by using an accurately-timed series of those probe pulses, defining the number of frames per second. The analogy with Muybridge's method is obvious. For molecules, there exist additional requirements in order to study the motion:
• we need to clock the motion by defining its zero of time, also accurate to tens of femtoseconds;
• the motion must be synchronized, since millions of molecules are used in the recording of molecular motion; and • molecular coherence (see below) must be induced to localize the nuclei.
These three requirements are satisfied by using a femtosecond pump (initiating laser pulse, what is described as a pump-probe system).
With this methodology, the process to be studied is clocked from the instant that the substance under investigation absorbs radiation from the pump pulse. Passage of a probe pulse through the sample at some later point in time provides a snapshot of the status of the system at that time. In femtosecond studies, where femtosecond control of relative time is vital, the laser pump and probe pulse are produced in synchrony, then the probe pulse is diverted through an adjustable optical path length. The finite speed of light translates the difference in path length into a difference in arrival time of the two pulses at the sample. Thus, 1 µm (micron) corresponds to 3.5 fs. The individual snapshots combine to produce a complete record of the continuous time evolution-in other words, a motion picture is generated. Zewail called this femtoscopy (13).
Coherence and atomic motion
In a classical description, the motions of nuclei would be particle-like, rather like marbles in a potential field. But at the scale of atomic masses and energies, quantum mechanics takes over and the motion of the wave-particle duality holds sway, and also the Uncertainty Principle dominates. This places limits on the precision of simultaneous measurements. The resulting spatially varying 'wave function' has many similarities to light waves. Zewail, therefore, used light to introduce the idea of wave superposition and interference and recalled the classic work of Thomas Young FRS and his two-slit experiment (13) (figure 3).
When light from two or more sources overlaps in space, the instantaneous field amplitudes (not the intensities) from each source must be added together to produce the resultant light field (see lower left section of figure 3). At points for which the distances to the two slits differ by (n + ½) wavelengths (for integer n) the two waves add to zero at all times, and no light is detected. Elsewhere, the amplitudes do not cancel. Thus, a stationary pattern of light and dark interference fringes is produced (see figure 3 ). Knowledge of the wavelength of the light and the spacing of fringes projected on a screen provide a measurement of the separation of the slits.
In studies of motion, Zewail exploited the concept of coherence among molecular wave functions to achieve atomic-scale resolution of dynamics. Molecular wave functions are spatially diffuse and exhibit no motion. Superposition of a number of separate wave functions of appropriately chosen phases can produce a spatially localized and moving coherent superposition state, referred to as a wave packet (see figure 3 ); constructive and destructive interference is the origin of such spatial localization. The packet has a well-defined (group) velocity and position which now makes it analogous to a moving classical marble but at atomic resolution. The femtosecond light induces the coherence and makes it possible to reach atomic-scale spatial and temporal resolution, without violating the Uncertainty Principle.
The observation of motion in a real system requires not only the formation of localized wave packets in each molecule, but also a small spread in position among wave packets formed in the typically millions of molecules on which the measurement is performed. The key to achieving this condition is generally provided by: (a) the well-defined initial equilibrium configuration of the studied molecules before excitation, and (b) the 'instantaneous' femtosecond launching of the packet.
Having expressed, largely in Zewail's own words in his Nobel lecture, the conditions necessary to retrieve atomic distances from femtochemical techniques without violating the Uncertainty Principle, we are now in a position to trace, approximately chronologically, the significant achievements made by him and his colleagues from the ca mid 1980s onwards.
The ICN and H + CO 2 stories
A key experiment that marked the birth of femtochemistry by Zewail and coworkers harnessed molecular beams, ultrafast lasers and the pump-probe methodology to investigate the photodissociation of cyanogen iodide:
In this study, Zewail et al. (6, 7, 10) established that the appearance of a free CN fragment was found to occur in about 200 fs. Shortly thereafter, his group published a paper (8) that attracted great attention among kineticists and theoreticians. This was a real-time picosecond clocking of the collision complex in a biomolecular reaction; the birth of OH from H + CO 2 (8) . This study involved R. B. Bernstein, who made a key contribution by advocating a technique then recently developed by Curt Wittig (see Buelow et al. 1985) . This exploited the inherent mutual orientation of molecules in a weakly linked van der Waals adduct. The prototype case formed an XH . . . CO adduct in a supersonic molecular beam. Then photolysis of the hydrogen halide initiated the bimolecular reaction
propelling the H atom into the nearby CO 2 . The collision was roughly co-linear by virtue of the geometry of the precursor. Zewail's team used a picosecond laser pulse to photodissociate the HX, followed by a delayed picosecond laser probe of the OH product. In this way, they were able to clock the formation and decay of the HOCO reaction complex. The key feature in this experiment was that the first pulse established the zero of time for the bimolecular reaction, enabling a series of pulses to record the 'real-time' evolution of the correlated products.
A perceptive article by his friend, Dudley Herschbach (2018), whom Ahmed Zewail greatly admired not only for his skill as a scientist but also for his scholarly and lucid articles, records how Zewail was quick to adapt the femtosecond lasers initiated by Chuck Shank and colleagues at Bell Laboratories (Fork et al. 1981 ).
That greatly enhanced the time resolution, launching the awesome saga of femtochemistry . . . Ahmed baptized his prolific labs Femtoland I, II, III and joyfully spoke of his 'Femtosecond Dream' and 'Femtocopia'. The overview sparkled with evangelical fervor.
What happens on decomposition of a molecule that has two equivalent bonds?
Over the ages, chemists have often pondered this question: will these equivalent bonds break simultaneously or sequentially? Zewail tackled this problem by studying the photodissociation of diiodotetrafluoroethane (C 2 F 4 I 2 ) into tetrafluoroethene and two iodine atoms. He and Khundkar (11) found that the two C-I bonds break sequentially, rather than in a concerted fashion (Chergui & Thomas 2017) . Zewail used his femtochemical spectroscopic technique to the fullest. Nearly all types of chemical reactions in organic chemistry-Diels-Alder, Norrish Types I and II, cis-trans and other isomerizations, pericyclic addition and cleavage reactions as well as nucleophilic substitutions (S N types), bimolecular electron-transfer reactions, acid-base reactions and the tautomerization processes in DNA mimics-were investigated by his group, and the results they obtained were illuminating. Indeed, when the chairman of the Nobel Committee of the Royal Swedish Academy of Science, Bengt Norden, presented Zewail at the 1999 Nobel Zewail's use of the fast laser technique can be likened to Galileo's use of his technique, which he directed towards everything that lit up the vault of heaven. Zewail tried his femtosecond laser on literally everything that moved in the world of molecules. He turned his telescope towards the frontiers of science.
The single most important step taken by Zewail in his monumental work was to capitalize on the concept of coherence (figure 4).
Replacing photons with electrons to study ultrafast and other processes
Even in the middle of his successes with femtosecond laser spectroscopy, Zewail was aware that, compared with electrons as the primary beams for interrogating molecules, photons possess some serious disadvantages. Apart from the well-recognized fact that spectroscopic processes are governed by selection rules, and that, therefore, not all dynamical changes in a molecule can be tracked using photon absorption and emission events, Zewail knew that electrons, as primary interrogating sources, are much superior. Thus, in comparing X-rays and electrons, Zewail realized that the scattering cross-section of electrons is five to six orders of magnitude as large as for X-rays. It follows, therefore, that electrons are better suited to probe low density media (gas phase reactions for example, as well as water and other molecules adsorbed at solid surfaces). In addition, the energy deposited per scattering event is some three orders of magnitude smaller than in the case of X-rays. Furthermore, electron optics are such that beams of electrons are easier than X-rays to manipulate and to probe matter of all forms in instruments such as electron microscopes; and, finally, electrons are scattered by essentially all atoms, though rather feebly for light elements.
In 1991 the paper that Zewail published with J. C. Williamson (12), in which they reported the use of femtosecond diffraction to study molecular beams of sodium iodide, startled many leading members of the electron microscopy community (see Thomas 1991) . Its appearance was an early sign of the dawn of a new era in crystallography and microscopy. Not only was it immediately possible to see how ultrafast electron diffraction patterns could be recorded, it also promised an era in which ultrafast near atomic-scale imaging, as well as electron-energyloss spectroscopy, could be recorded in a parallel manner (Thomas 2005 (Thomas , 2009 ). Zewail and his group evolved different experimental electron microscopic techniques to achieve what he coined 4D electron microscopy (three spatial dimensions plus the time dimension). A representative picture of his various kinds of 4D electron microscopes is shown in figure 5 .
A full account of all primary papers he and his team investigated by the various kinds of 4D electron microscopy that he developed is contained in Zewail's Recent collected works (19) . Roger Kornberg describes this book as 'a chronicle of an extraordinary journey of invention and discovery' (Kornberg 2018) . This includes details of electron-energy-loss, electron tomography, convergent-beam recording, Kikuchi patterns and photon-induced nearfield electron microscopy (PINEM). Moreover, representative studies of fundamental interest to chemists, physicists, photochemists, metallurgists, biologists, Earth and materials scientists and engineers are contained in that publication. An introductory illustration summarizing the range of studies that Zewail's brand of 4D electron microscopy, with spatial resolutions at picometre scale and temporal resolutions at sub-picosecond scale, is shown in figure 6 , taken from the Prologue of that book.
Marriage and family life
Ahmed Zewail's first marriage ended in divorce; the couple had two daughters, Maha and Amani, each of whom became accomplished academics. In 1989, he married Dr Dema Faham, a medical doctor born in Syria. He and Dema met in Riyadh, Saudi Arabia, when he and his Figure 5 . Universal layout for the ultrafast electron microscope (UEM). Shown are the components of the EM column, together with the femtosecond and nanosecond (1 and 2) laser systems and different optical components, which are integral parts of the UEM. The probing electrons, which are generated by femtosecond laser pulses illuminating the photocathode, are further accelerated in a field-emissiongun-type arrangement. Optical delay assembly is the critical component for determining the temporal evolution by delaying the clocking laser pulse on the specimen (grey beam); an optical path difference of 1 µm in the optical delay line provides a time delay (and hence a temporal resolution) of 3.3 fs. Micrographs are recorded with atomic-scale spatiotemporal resolution, whereas femtosecond-resolved electron-energy-loss spectra are obtained as 3D plots. Diagram from (17, p. 12) . (Online version in colour.) future father-in-law each received a King Faisal Prize (Professor Faham, Dema's father, was a great authority on Arabic/Syriac literature).
After three years, Nabeel, their first son, was born. He is now a specialist in information technology. Their second son, Hani, born a year later, is now studying for a doctorate in ethnomusicology in the University of California, Berkeley. A moving account of their marriage and final minutes together has been written by Dema (Faham 2018) (figures 7 and 8 ).
Reflections on world affairs: peace and politics
Even before he received the invitation from President Obama to serve on his Advisory Science Council and also to function as the United States' first Science Envoy to the Middle East, Ahmed Zewail had written numerous politically and socially oriented articles in a range of international newspapers, including The Independent (UK), The Huffington Post, The New York Times, The Christian Science Monitor, The Los Angeles Times, The Times (UK), Financial Times (UK), Al Ahram (Egypt), and many other outlets. His fame in his native Egypt, following the award of such honours as the Franklin, Fermi and Einstein prizes by various eminent academies and institutions, prompted much speculation (as early as 2003) that he might be the appropriate person to follow in President Mubarak's footsteps. There were renewed calls for him to stand as a political leader during and after the Arab Spring. But I know from my personal experience that he never wanted to take up political office. His concern for the disadvantaged, not only in the Middle East but worldwide, was overwhelmingly apparent from his articles, which he collected shortly before his death in his last book, Reflections on world affairs, peace and politics (20) . The four chapters in this 270-page book are entitled: 'Egypt and the Muslim world'; 'The United States of America'; 'The world'; and 'The soft power: science and technology'.
His greatest ambition for Egypt was to establish the Zewail City of Science and Technology in the outskirts of Cairo. He once told me that, in the late 1800s, delegates from Japan came to visit Egypt to gain information about science and its application. He went on to say that, just as the Tsukuba complex of research centres has provided immense support to science and engineering in Japan, his hope was for the Zewail City of Science and Technology to serve as Figure 7 . Shortly after he received the Nobel Prize in 1999 (see figure 8 ), the Zewail family sailed together up the Nile. Shown here is Nabeel (in his father's arms), Hani (in his mother's) and the Zewail daughters, Amani (left) and Maha. Photograph used with permission from the Zewail family.
an inspiration and practical means of fostering advanced technology, with all its benefits, in Egypt.
Zewail City has been functioning for some years, and many of its scientists have achieved international recognition. Although the Egyptian government, banks and other authorities have provided great financial help to establish a thriving community of scholars and researchers there, vital funds are needed before the entire venture can run in a guaranteed, self-sustaining manner in the years ahead.
Chemical Physics Letters
Following the death of Richard Bernstein in 1999, his place as a joint editor of Chemical Physics Letters (CPL) was taken up by Ahmed Zewail (with A. D. Buckingham FRS), a post that he continued to hold until 2007. As described by Sir David Clary FRS, who replaced 
L'Oréal-UNESCO Women In Science prizes
In 1998, following advocacy by the Nobel Laureates Christian de Duve ForMemRS and Pierre-Gilles de Gennes ForMemRS, the L'Oréal-UNESCO Women in Science scheme was initiated. Five major prizes (now worth e100 000 each) are awarded to women who have achieved outstanding success, mainly in their research work, from the following geographical areas: Europe, North America (including Canada), Latin America, Africa and Asia-Australia-New Zealand. The prizes are awarded at a major series of ceremonies in Paris, including presentations by the laureates at the French Academy and also at an open event with extensive press coverage at the major hall of the Sorbonne. One year, the subject matter is the life sciences; in the next it is the physical sciences (in 2019 it was physical sciences and mathematics).
After the death of de Gennes, Ahmed Zewail was chosen to be his successor as president of the Awards Committee, and from 2000 onwards he carried out his work (alongside de Duve) with energy and imagination. Some 200 or so high-profile nominations are submitted and their cases are scrutinized by a group of initial evaluators, who, in due course, meet in Paris alongside representatives of L'Oréal and UNESCO to make the final choice of laureates.
The L'Oréal-UNESCO scheme also awards some 20 or so research fellowships that include substantial financial support to foster the research work of young women from all parts of the world. I can testify to the extensive efforts that Zewail made in presiding over the final choice of winners and in formulating the procedure of selection, which was highly effective. Several of the L'Oréal-UNESCO laureates have later been awarded Nobel prizes.
A personal note
After a Royal Society Discussion meeting in London in 1990 (on fast reactions), I engaged Ahmed Zewail in a private discussion and showed him a photograph of Michael Faraday FRS giving his 1856 Christmas lectures at the Royal Institution (RI). I then told him, in a plot to get him to come and deliver a Friday Evening Discourse at the RI, that George Ellery Hale (ForMemRS 1909) of Caltech had given a discourse on solar vortices and their magnetic effects in 1904; that R. A. Millikan, president of Caltech, had spoken at the RI on cosmic rays in the 1930s; that in 1948 Linus Pauling (ForMemRS 1948) had described the nature of forces between biological macromolecules; and that yet another Caltech scientist, Murray Gell-Mann (ForMemRS 1978) , had discoursed on elementary particles in the 1960s. To convince him further that he should accept an invitation to perform, I mentioned that A. H. Compton, Roald Hoffmann (ForMemRS 1984) and Edwin Hubble had also given discourses at the RI. Ahmed agreed, and in April 1991 it was a pleasure to entertain Dema and him in Albemarle Street.
He gave an enthralling account of his work. The first slide that he showed (figure 9) transported the audience to ancient Egypt and reminded them that Egypt is the 'cradle of civilization'. Much of what he said about ancient Egypt is given elsewhere (Thomas 2018 ), but his remark on showing figure 9 was: 'This is the first known image that depicts that light travels in a straight line.' He also rejoiced in the fact that almost exactly a hundred years earlier (in 1892) Eadweard Muybridge had given a discourse at the RI describing his classic work on the 'freezing' of the motion of running and galloping horses (see above), and he was delighted to be reminded that it was at the RI that the phenomenal Thomas Young FRS (former Secretary of the Royal Society) had carried out his famous 'two-slit' experiment (see figure 3 ). It gave him some pleasure also to correct my often erroneous Eurocentric view of who in science discovered what and where. He frequently reminded me that the language of science for 700 years was Arabic. Early Fellows of the Royal Society learnt Arabic to inform themselves of the wisdom and achievements of ancient natural philosophers (Royal Society 2011). He pointed out that in Cairo, in 1000 AD, the Iraqi-born Al Hazen had invented the camera obscura and that this Arab scientist's The book of optics greatly influenced later European scientists such as Galileo. In the 'Historical perspective' chapter of our joint book on 4D electron microscopy (17) , he insisted that we include an illustration of Al Hazen's camera obscura adapted from 1000 Inventions: Muslim heritage in the world, and he also included this illustration in his memorable talk at the Royal Society in 2010 (18).
Ahmed Zewail frequently drew my attention to the fact that in Alexandria, his home city, 18 centuries before Copernicus, Aristarchus had suggested that the Earth circulates the Sun. He also pointed out that Eratosthenes, the librarian in Alexandria, proved that the Earth was spherical and calculated its circumference with amazing accuracy 1700 years before Columbus sailed on his epic voyage. While working alongside Ahmed Zewail, and during my continued interaction with him over the years, I also discovered that his knowledge of the fundamentals of physics and chemistry was exceptional. I did not know of the Kapitza-Dirac effect (Kapitza & Dirac 1933) , even though it originated in Cambridge, until I met Ahmed Zewail.
At the American Philosophical Society tercentenary celebration of the birth of Benjamin Franklin (FRS 1756), where our Egyptian-educated and Arabic-speaking friend Sir Michael Atiyah (PRS, 2000 (PRS, -2005 was present (figure 10), Zewail disclosed that he had a portrait of Franklin in his office, for he regarded Franklin as the epitome of the complete scientist who, as a statesman, endeavoured to make the world a better place. Below are two statements made by Zewail in his lecture, entitled 'Franklin's vision':
For me personally, Franklin is a hero, not only for his unique and remarkable scientific contributions in the 1700s but also for his humanitarian vision and his belief in the power of learning. He used his own power to influence world politics and peace . . . Today, it is Franklin's vision, with his spirit of compromise and eloquence, that we need in order to reach a dialogue and peace in our troubled world.
Zewail ended that talk in Philadelphia in 2006 with the following words:
Benjamin Franklin understood the importance of time and its centrality in our lives. Of time and life he said (Poor Richard's Almanac, 1746) : 'Does thou love life? Then do not squander time, for that's the stuff life is made of.'
Envoi
It is often proclaimed that a stylist is someone who does and says things in memorable ways. From an analysis of his experimental prowess, his theoretical insights, his written contributions, his specialized and popular lectures, and even the details of the illustrations used in his published papers, Ahmed Zewail, by this or any other definition, was a stylist par excellence. He executed his revolutionary work in an admirably dispatchful manner, and each paper, book or lecture was the product of intense contemplation and lucubration.
Honours and awards
Zewail was the recipient of several dozen honorary degrees from all over the world, including Oxford and Cambridge universities (see the list provided as online supplementary material).
Medals and other distinctions
Apart from the Nobel Prize, the King Faisal Prize and the Wolf Prize, Zewail also received the Fermi Medal. He was the first occupant of the Linus Pauling Chair of Chemistry, and was a professor of chemistry and of physics and the director of the Physical Biology Center for Ultrafast Science and Technology at the California Institute of Technology. The American Chemical Society bestowed upon him the Peter Debye award (1996) , the E. Bright Wilson award (1997) metals and intercalates by pioneering UV and X-ray photoelectron spectroscopy. He also initiated the field of crystal engineering of organic molecules. As head of physical chemistry at Cambridge (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) , he used magic-angle-spinning NMR and high-resolution electron microscopy to characterize and determine the structures of zeolites and other nanoporous catalysts. As Fullerian Professor and director of the Royal Institution and the Davy Faraday Research Laboratory, he utilized synchrotron radiation to characterize, in situ, new catalysts designed for green chemistry and clean technology. He is the recipient of many national and international awards; and, for his contribution to geochemistry, a new mineral was named in his honour, meurigite. He was Master of Peterhouse, University of Cambridge (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , and he was knighted in 1991.
